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Abstract 
The research reported in this paper quantifies the impact of rainfall on traffic operation of urban road network. The 
macroscopic analysis method of the network is the Macroscopic Fundamental Diagram (MFD), which can be used to describe 
and estimate the level-of-service of road network and evaluate the network-wide traffic state. Quantitative mastering the 
impact of rainfall on MFD of urban network is not only important for the further understanding of the MFD stability, but also 
important for the transportation planning and traffic management under rainy conditions. The results of the empirical analysis 
indicate that rainfall has an obviously diminishing effect on traffic variables of the network s MFD. The average reductions in 
production, accumulation and weighted speed are 0.2%, 7.8% and 5.4%, respectively. Moreover, rain has greater negative 
impact on network s MFD in the evening peak. 
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1. Introduction 
For all road users and managers, the rainfall events are seen as a source of uncertainty which can affect traffic 
safety and traffic operation. Regarding safety, rain is one important meteorological factor leading to death and 
injuries. According to the Federal Highway Administration (FHWA, 2012), 75 percent of weather-related vehicle 
crashes occur on wet pavement and 47 percent happen during rainfall each year. Moreover, many literature show 
significant effects of rain conditions on the frequency and severity of crash. Andrey et al. (2002, 2003) reported 
an augmentation of collision risk from 50 up to 100 percent during precipitation. And the rain can increase the 
crash rate by 71 percent and the injury rate by 49 percent (Lin, et al., 2008). Furthermore, Eisenberg (2004) 
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underlined a substantial lagged effect of precipitation across days: the effect of rain on traffic crash rate is higher 
if many days have passed since the last precipitation. As regard to traffic operation, it has become acknowledged 
that rain conditions can obviously reduce not only capacity but also operating speeds on roadways, resulting in 
congestion and productivity loss. FHWA (2012) reported that light rain reduces freeway speed by 2 to 13 percent 
and freeway speeds fall by 3 to 17 percent in heavy rain. Rakha et al. (2008) report a maximum reduction in the 
range of 6 to 9% in free-flow speed and 8 to 14% in speed-at-capacity if the rain intensity is 1.6 cm/h. At the 
network level, rainfall events also increase the uncertainty in system performance, resulting for instance in a 
network capacity reduction ranging from 10 to 20 percent in heavy rain (De Palma et al., 2008). In spite of the 
previous conclusions, the impact of rain on traffic still needs to be addressed: there is no specific research for the 
rainfall impacts on traffic operation of the urban network. Therefore the main objective of this paper is to quantify 
the rainfall impacts on urban network.  
The macroscopic analysis method of traffic operation utilized in this study is the Macroscopic Fundamental 
Diagram (MFD) that was proposed by Daganzo (2005). MFD is an adaptive approach to improve urban mobility 
and relieve congestion, which can be used for estimation of the level of service on road networks, perimeter 
control, and macroscopic traffic modeling. The basic idea of the observation-based method MFD is that shifting 
the modeling emphasis from microscopic predictions, which cannot be always trusted for large network, to 
macroscopic monitoring and control (Daganzo, 2007).  
This study investigates the quantitative impact of precipitation on traffic operation of the urban network by 
analyzing the change of MFD s key parameters, including accumulation, production, weighted speed and 
weighted density etc. The understanding of the rainy effects should be the first step to develop traffic 
management measures under the rainy conditions. Based on the macroscopic methodology, an empirical analysis 
was carried out on a core road network located on Haizhu district of Guangzhou, China. The remainder of this 
paper is organized as follows. The second section introduces the methodologies used, and the data description is 
addressed in section 3. Section 4 will present the results. Finally, some general conclusions and recommendations 
for further research will close the paper. 
2. Methods 
2.1. Macroscopic Fundamental Diagram(MFD) modal  
It has been recently tested hat a MFD linking space-mean flow, density and speed exists on a large urban area 
through a field experiment in Yokohama (Japan) (Geroliminis and Daganzo, 2008).The MFD relates the 
accumulation and the outflow in a network. The accumulation is the number of vehicles in the network, and the 
outflow reflects the rate at which trips reach their destinations. However, outflow is not an observable quantity 
and it cannot be measured directly in reality by detectors or other devices. Hence, another traffic variable, 
production, is introduced. Production is the total distance traveled from all the vehicles traveling in the network. 
The field experimental has proven that outflow and production are linearly related in networks (Geroliminis and 
Daganzo, 2008), which also exist in Tianhe network of Guangzhou. The linear relationship between them 
suggests that the observable travel production is a good proxy for unobservable aggregate output. 
Let i and il  be a road lane segment between intersections and its length; and iq , ik and io be the flow, density 
and occupancy on each segment in a particular time slice. And n  denotes accumulation, the weighted average 
flow wq  and the weighted average density wk  can be regarded as the production and the number of vehicles per 
unit road length respectively. Then the related formulas are as follows: 
w w w w
i i i i i i i i i i i
i i i i i i i
n k l q q l l k k l l o k s o l l                          (1) 
2.2. T-test method 
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The t-test has been used to identify the difference in average accumulation and production on five minute in 
dry and rainy conditions. It is widely known that traffic flow have a certain periodicity, generally considering the 
traffic variables of the same road and time section of the adjacent two weeks are nearly the same. For the same 
observation road sections on the same day and time period of adjacent two weeks, denote 1 2, , nX X X  is the n  
set of production under rainfall condition A, 1 2, , nY Y Y  is the n  set of production under non-rainfall condition B. 
They have formed n  pairs of mutually independent observation 1 1 2 2( , ),( , ), ( , )n nX Y X Y X Y . Let =X -n n nD Y , 
and d , 2nS represent the sample mean and the observed value of the sample variance of 1 2, , nD D D , 
respectively. Assuming 2( , )i D DD N , then need to test the hypothesis: 0 1: 0, : 0D DH H . Introduce t 
as a test statistic variable, so the rejection region of whether the production difference significant or not under AB 
weather condition is calculated as followers:  
 /2 ( 1)
D
dt t n
S n
  
If the value of t does not fall within the reject region, means that accept the 0H , i.e. there is no significant 
change of the production under AB weather conditions. Otherwise it is considered that there are significant 
differences of the production of the network under rainfall and non-rainfall. 
3. The Study Site and Data Description 
3.1. The study site 
Following the proposed methodology, an empirical analysis was carried out on an urban core road network of 
Guangzhou Haizhu district, showed in Fig 1. The study network is formed as a ring, and the total length of it is 
17728 meters. The number of lanes of each links various from 2 to 5 lanes per direction. The traffic signals in 
study network are multiphase operating as coordinated under traffic responsive control. The two networks 
include streets of various types, like major urban roads, urban link, etc. While the main reason why choosing here 
as an empirical analysis area is that a weather station (marked as a red star in Fig 1) located nearby the network. 
As rainfall data must be collected near the test site to really reflect the rain conditions experienced in the 
considered sections. Moreover the weather station managed by our lab, i.e. Research Center of Intelligent 
Transportation System of SUN YAT-SEN University. The data of precipitation intensity can be obtained timely 
and conveniently, which guaranteed the need of the research. 
3.2. The data description 
(1) Traffic data 
In order to derive the MFD of a network, the link traffic variables such as flow, speed and occupancy are 
needed. But currently the occupancy cannot be obtained directly by the devices, so the following formula was 
used to calculate density using volume and speed data: i.e. Density=Flow/Speed. Among them, the speed of the 
has more than 20,000 taxis equipped with GPS 
receivers (Zhuang et al., 2012). The sampling interval is mostly between 20 seconds and 120 seconds. Real-time 
positioning data will be transmitted to the traffic information center and over 20 million rows of positioning data 
are inserted into the database every day. The traffic flow data generated from the SCATS system of Guangzhou. 
Currently, over 270 intersections installed SCATS system to manage the traffic in Guangzhou city. It can clearly 
be seen that Guangzhou has favorable conditions to implement macroscopic traffic management and control base 
on the theory of MFD, which the traffic data of road network are sufficient and necessary. 
(2) Weather data 
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Data concerning weather events can be directly obtained from the weather station nearby the Sun Yat-Sen 
University. The weather station mainly collected and recorded the following meteorological variables: the values 
of PM10, the content of NOx, atmospheric pressure, wind direction and velocity, temperature, rainfall, humidity 
and so on. The data of rainfall intensity can be extracted to analyze the impact of the road network s MFD.  
Taking into account the corresponding traffic data limitation and the traffic flow periodicity, the study periods 
are listed in Table 1. And according to the similarity of the traffic flow, select adjacent two weeks with the same 
day of non-rainy as the comparison date, i.e. May 22(rainy day) corresponding to May 15(non-rainy day) and so 
forth. Here by drawing the rainfall processing and rainfall cumulative curve, the temporal characteristics of 
rainfall can be seen clearly. Figure 2 draws the rainfall processing and rainfall cumulative curve with the random 
three rainfall days during my research period. As is depicted in the figure, on evening peak (5p.m. to 7 p.m.) the 
rainfall data is more adequate. The size of rainfall sample is of paramount importance for analyzing the rainfall 
impacts of the network. In view of the rainfall time distribution, the specific analysis in the evening peak will be 
given below. 
                                                                                                                                             Table 1. The research period (year of 2011) 
 
Fig. 1. Test site location 
 
Fig. 2.  The time-series characteristics of three rainy days 
Rainy day  Corresponding non-rainy day  
May 22 May 15 
June 22 June 15 
July 18 July 11 
September 5 September 12 
October 13 October 20 
November 9 November 2 
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4. Results 
4.1. Descriptive analysis 
To get prior understanding of the rainfall intensity on macroscopic traffic variables, the basic statistics will be 
provided. The t-test approach was used to compare macroscopic parameters of network collected during rainy 
condition and dry condition. Through drawing the rainfall process line and rainfall cumulative curve, it can be 
conclude that evening peak has more adequate rainfall samples. Therefore, the t-test can be calculated in view of 
all day and the evening peak. The results of t-test are shown in Table 2. The weighted flow and weighted speed 
obviously influenced by rainfall, the average value reduced by 7.9%, 5.2% and 9.8%,10.7% during the all day 
and evening peak respectively. While the rainfall has little impacts on weighted density of the network both 
during all day and evening peak. Moreover, the impacts on weighted density at evening peak are greater than 
those during all day.  
Table 2. T-test analysis summary results 
 All day Evening  peak 
 wq  wv  wk  wq  wv  wk  
Rainy  Average network 
variables 
444.70 28.11 17.27 479.28 23.09 23.90 
Non-rainy                   482.90 29.65 17.26 531.29 25.85 22.72 
p-value 0.000 0.000 0.981 0.000 0.000 0.145 
significant or not Y Y N Y Y N 
Significance at the 0.05 level  
 
Fig. 3. Weighted flow and weighted speed reduction rate 
Considering the rain has greater impact on network s MFD during evening peak, the corresponding specific 
analysis will be given. Figure 3 is a histogram of the weighted flow and weighted speed reduction rate compared 
with dry days. The reduction rate of weighted flow ranges 3.8% from 17%, the weighted speed s is 4.4% to 
15.6%, and the average reduction rate is 9.7% and 10.7%, respectively. From the statistical analysis the 
conclusion can be summarized that the rain has a noticeable negative effect on weighted flow and weighted speed 
of the road network especially in the evening peak. 
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4.2. Rainfall impacts on network s MFD 
By calculating the value of accumulation and production, the MFD of the studied network under rainfall and 
non-rainfall conditions are drawn, shown in Fig 4. Overall, the MFD of rainy days are more scatters and 
deviation than the non-  In other words, the rain conditions change the MFD s shape, which indicate 
the traffic state of the given network. The R-square of the fitting MFD curve, which can be used to examine the 
well-defined of MFD, is 0.95 and 0.85 under non-rainy and rainy condition, respectively.  
Evaluation of the network-level traffic state can be achieved easily based on the drawn MFD. Similar to a 
conventional link fundamental diagram relating the local flow and density, three states are demonstrated on an 
MFD. When only a few vehicles run in the network, the traffic condition is in free flow condition and the 
production is low. As the number of vehicles gradually increase, production rises up to the maximum. Like the 
critical density in a link fundamental diagram, in MFD the value of corresponding accumulation when maximum 
production is reached, is also an important parameter, called critical accumulation . The critical accumulation 
and the maximum production can be calculated in accordance with the equation of the fitting MFD curve. Such 
as on dry condition, the fitting MFD equation is expressed as: 20.0034 2.9116 72.329y x x . So the result of 
critical accumulation is 428 vehicles and the maximum production is 551 vehicles/h. As the number of vehicles 
continues to increase more, the traffic delay occurs. If vehicles continue to enter the network and the number 
exceed critical accumulation, a congestion state will result in which vehicles block each other and production 
declines somewhat. From Fig 4, the congestion state is not obvious, in other words, the studied network not yet 
reached the saturation and run smoothly. 
 
Fig. 4. MFD of the study network 
The relationship of network-wide traffic parameter illustrated in Fig 5 and Fig 6, similar to a conventional link 
fundamental diagram relating link flow and density and speed. Here, weighted flow is equal to production 
mentioned before. Intuitively, the curves under rain condition are more scatter and lower than those under dry 
condition. That is to say, the rains reduced operating efficiency and service level of the road network. The rainfall 
qualitative impacts on network can be easily seen by drawing the MFD of the network. The quantitative rainfall 
effects on network will be given. 
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Fig. 5. The relationship between weighted density and weighted speed  
 
Fig. 6. The relationship between weighted flow and weighted speed  
Based on the fitting curves of each figure, the key parameters such as critical accumulation, maximum 
production, weighted free-flow speed, weighted jam density and weighted speed-at-capacity can be calculated. 
The maximum production indicates the level of the network s service, and the corresponding critical 
accumulation denotes the optimal number of vehicles in the network. Table 3 describes the results of some 
important parameters under rainy and dry conditions. The results indicate that rain resulted in a statistically 
significant drop of 9.9% and 9.6% in maximum production and weighted jam density, respectively. Moreover, 
rain produced critical accumulation and weighted speed-at-capacity reduction of 4.9% and 4%. The degree of 
weighted free-flow speed influenced by rain is relatively small (1.5%). 
Table 3. Results of key parameters of network under rainy and dry condition 
 Critical 
accumulation 
Maximum 
production 
Weighted free-flow 
speed 
Weighted speed-
at-capacity 
Weighted 
jam 
density 
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Rainy day 407 496 39 24 60 
Non-rainy day 428 551 40 25 66 
Reduction% 4.9% 9.9% 1.5% 4% 9.6% 
5. Conclusions and Further Research 
In this study the impacts of rainy conditions on network s MFD was investigated. Using the macroscopic 
theory of MFD, both the qualitative and quantitative analysis is given. Qualitatively, the shape of the network s 
MFD is changed by the rain conditions, which became more discrete and lower. Quantitatively, by calculating the 
key parameters of MFD, the conclusion can be drawn that rainfall had significant negative effects on traffic 
operation of the network. Rainy conditions produced maximum production, critical accumulation and weighted 
speed-at-capacity, weighted jam density and weighted free-flow speed reduction of 9.9%,4.9%, 4%,9.6% and 
1.5%, respectively. Moreover, the rain has greater impact on network s MFD during evening peak. The reduction 
rate of weighted flow ranges from 3.8% to 17%, the reduction of weighted speed is from 4.4% to 15.6%, and the 
average reduction rate of both are 9.7% and 10.7%, respectively.  
Further research will refine the rainfall factors. Five classes of rainfall intensity will be defined, that is, light 
rain, moderate rain, heavy rain, rainstorm, and heavy rainstorm. And the datasets relating rainfall data to 
corresponding traffic data will be established. The effects of different level of rainfall on urban network s 
operation will be studied further. 
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